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Abstract 
The number of structural components which must operate frequently at repeated loading higher as  
N | 106 – 107 cycles increases. This fact is serious problem in engineering practice. Fatigue lifetime in the ultra high 
cycle region (108 < N< 1011 cycles) is therefore studied very intensively with the aim to correctly select the structural 
material. The paper is devoted to an experimental examination of the fatigue lifetime of X12Cr13 corrosion resisting 
steel used in the power industry. The high frequency fatigue testing (frequency f | 20 kHz, temperature T = 20 r 
10ÛC, sinus push-pull loading with load ratio R= -1) was used with the aim to obtain experimental data in the high 
cycle and ultra high cycle region (from N | 106 to N | 1011 cycles). The obtained S–N curve revealed a continuous 
downward slope without any indication for plateau region, whereby surface (in the region 106 < N< 109 cycles) and 
subsurface (N > 109 cycles) fatigue crack initiation occurs in the used range of loading amplitudes. The inclusions of 
type Al4Ca and Al2Ca were the places of subsurface crack initiation; their role is discussed with regard on the fatigue 
lifetime of the X12Cr13 steel with ferritic matrix. Obtained results confirm that occurrence of those inclusions must 
be taken in consideration in application of the X12Cr13 steel for very high cycle service in power industry. 
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1. Introduction 
The fatigue lifetime is the most important factor for structural materials, to ensure a long-term 
reliability. The fatigue lifetime is an important characteristic nearly of all engineering components and is 
measured by number of cycles to failure. The classical description of metal fatigue was developed during 
the 19th century and since that time the lifetime-oriented fatigue behaviour of metals has been generally 
represented in form of S–N curves that are known as Wöehler’s curves. In conventional fatigue design, 
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the fatigue limit is usually determined by the fatigue strength at specified number of cycles [1]. The 
conventional number of cycles varies in the range from 2×105 to 108 according to various standards for 
fatigue testing, but results of fatigue tests are mostly limited to 107 cycles, after which the material is 
considered to have unlimited life. Such an assumption of fatigue limit was satisfactory enough in the past 
when engineering components were not expected to be in the service more than 107 cycles. Based on the 
fatigue life concept the metal fatigue can be subdivided into three categories. The first one is the low 
cycle fatigue (LCF) – up to 106 cycles to failure, the second is the high cycle fatigue (HCF) – between 106 
and 108 cycles to failure and the third is the very high cycle fatigue (VHCF) – over 108 cycles to failure. 
Many investigations [2–8] indicates for many metallic materials a decrease of the fatigue limit after 108 
cycles, therefore the assumption that the maximum tolerable stress amplitude approaches horizontal 
asymptote in the HCF and VHCF region and common comprehension of the Wöehler’s curve have to be 
revised [5–7]. The VHCF behaviour varies from material to material and its accurate prediction based on 
some theoretical models is so far unattainable. 
The materials used for steam turbines are mostly subjected to cyclic loading, sometimes involving high 
frequency vibrations. They are required to safety operate over long periods of life, extending much 
beyond billion cycles. For this reason, the experimental data for these materials are of great importance. 
The presented work is devoted to the investigation of the VHCF behaviour of X12Cr13 corrosion 
resisting steel used in the power plants with the aim to improve the fatigue resistance of some components 
of steam turbines produced from this steel. 
2. Experimental material and procedure 
The experimental material used in this work is X12Cr13 commercial ferritic stainless steel. The 
X12Cr13 is a hot rolled stainless steel corresponding to AISI 410S. The ferritic steels with low carbon 
content (AISI 410S) are one class of materials that are widely used in the power industry. In combination 
with the martensitic-austenitic steels the AISI 410S belongs among the most important materials for 
steam turbines. The AISI 410S stainless steel is a low carbon, non–hardening modification of AISI 410 
the general purpose 12% chromium martensitic stainless steel. The low carbon and a small titanium 
addition minimize austenite formation at high temperatures, thereby restricting the alloy’s ability to 
harden. AISI 410S remains soft and ductile even when rapidly cooled from above the critical temperature. 
This non-hardening characteristic helps prevent cracking when the alloy is exposed to high temperatures 
or welded. In the annealed condition is completely ferritic. The X12Cr13 was tested in the as-received 
condition. It means that it was annealed in the 871 – 899 °C range and then air cooled to relieve cold 
working stresses. The chemical composition and mechanical properties are shown in Tables 1 and 2. 
 
Table 1. Chemical composition of X12Cr13 (in wt. %) 
 
C Si Mn Cr Ni Ti P S Fe 
0.078 0.25 0.71 12.28 0.44 0.17 0.019 0.011 Bal. 
 
Table 2. Mechanical properties of X12Cr13 
 
E (GPa) U (kg.m-3) V0.2 (MPa) VT (MPa) G (%) KV (J) HV 
208 7700 551 703 20.2 65 198 
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Experiments were carried out with an ultrasonic fatigue testing machine on hourglass-shaped 
specimens under axial tension–compression loading, as described in [4]. The testing frequency about 20 
kHz and completely reversed loading conditions (R = -1) were used. Specimens were cooled by 
compressive air. The fatigue failure mechanisms were studied by means of fractography analysis on the 
scanning electron microscope and inclusions were identified by use of energy disperse analysis. 
3. Results and discussion 
Results of VHCF tests are shown in Fig. 1. Fatigue properties explained by S–N curve obtained under 
symmetrical tension–compression cyclic loading are characteristic by a continuous decrease of fatigue 
life with increasing number of cycles in the whole region of fatigue loading. The scatter is somewhat 
large, however no step-wise or duplex S–N curve can be observed. Although the statistical analysis is 
very useful to estimate the obtained S–N data, the results can be simply approximated by the power 
function in this case. The chain-dotted lines in this Figure show the 95% and 90% confidence intervals. 
The regression line shown in Fig. 1 approximates data of failed specimens assuming power law 
dependence of stress amplitudes Va and cycles to failure Nf, according to Eq. 1  
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Fig. 1. The S–N diagram of X12Cr13 steel. Fig. 2. Modified S–N diagram in which stress amplitudes 
are normalized with fatigue limits predicted according to the 
Murakami’s model.
 
This type of S–N curve is typical for tension–compression loading. While using other types of loading 
(e.g. rotating bending), in dependence of loading conditions and number of cycles, there are several types 
of S–N curves with step-wise behaviour that could be obtained [2]. On the example of X12Cr13 steel is 
possible evidently see the influence of loading amplitude on the fatigue crack initiation mechanism. Open 
symbols characterize failures from surface and solid symbols indicate internal failures. As the result of 
polished surface of the specimens, with the purpose to eliminate the notch effect after machining, it was 
possible, that the surface initiated cracks could start only from the surface concentrators in the surface 
relief, which was created during the cyclic loading. According to Fig. 1 it is evident, that while using high 
stress amplitudes ıa, the surface mechanism of fatigue cracks initiation is preferred (Fig. 3). During the 
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cyclic loading there are happening microstructural changes in the material. The number and the 
configuration of structural defects are changing, whereby the most important change is the creation of the 
dislocation structure. The characteristics of the dislocation structure depend on the micro-plastic 
deformation that depends on the applied stress amplitude. At the same time, the cyclic micro-plastic 
deformation is localized into slip bands. In the places, where slip bands come up to surface, intrusions and 
extrusions are generated and they create the surface relief. Intrusions are strong stress concentrators. The 
surface fatigue crack initiation then starts in the roots of intrusions.  
On the other hand, while using low stress amplitudes ıa, the mechanism of subsurface crack initiation 
is preferred (Fig. 4). In the VHCF region, under certain value of cyclic loading (ıa = 250 MPa), no 
surface crack initiation was observed, but the cracks were initiated on the subsurface non-metallic 
inclusions located in the matrix. In the VHCF region, the mechanism of crack initiation moved from the 
surface (intrusions and extrusions) to subsurface (internal microdefects). The determining factors, which 
affect the subsurface initiation of fatigue cracks are: material heterogeneity, inclusions, microporosity, big 
local difference between the grain size, long grain boundaries “properly” oriented to the axis of loading 
etc. The effect is multiplied with the increase in hardness and the decrease in ductility of tested materials. 
Local stress concentration which cannot be relaxed by the surrounding matrix is leading to initiation and 
propagation of fatigue cracks [3]. Subsurface initiation of fatigue cracks in X12Cr13 steel was caused by 
presence of non-metallic inclusions. While applying low stress amplitude, with increasing number of 
cycles the microplastic deformation caused by movement and cumulation of dislocations in the 
surrounding area of inclusions is created. This movement and cumulation of dislocation produces local 
stress in the matrix in the surroundings of inclusions. Fatigue crack initiation in the VHCF region and 
creating of characteristic “fish-eyes” is influenced by the type, size, shape, distribution and number of 
inclusions and also by their distance from the surface of the specimen.  
The most useful methods available to predict the fatigue limit of metals containing inclusions are 
based on the assumption that inclusion can be considered to be a crack [8, 9]. According this assumption 
in case of fish-eye fracture the fatigue limit Vǯw can be predicted by using Murakami’s equation (2): 
 
    6/1' /12056.1 areaHVw  V ,    (2) 
 
where HV is Vickers hardness and area is the area of the inclusion projected on a plane perpendicular 
to the loading direction. In Fig. 2, the results of fatigue tests with regard to Murakami’s model are shown 
in form of modified diagram in which stress amplitudes are normalized with predicted fatigue limits 
estimated according to Eq. (2). All inclusions in fish-eyes fractures were strong crack initiators, because 
according to Murakami’s model the inclusion is fatigue crack initiator only when the ratio Va/Vǯw > 1. 
It was observed, that the fatigue life increases with the increase of the inclusion distance from the 
surface, while on the fracture surface are creating isolated fish-eyes, which are not touching the surface of 
the specimen. The size of isolated fish-eyes mainly depends on the depth of inclusion and number of 
cycles. Presence of inclusions at small depth from the surface causes creating of small fish-eyes, which 
are in touch with the surface of the specimen (Fig. 5), but this is not a law in all kinds of materials. Every 
material has to be evaluated individually. In the X12Cr13 steel did all fish-eyes initiated on internal 
inclusions and than propagated in the shape of concentric circle until they touched the surface of the 
specimen. The creation of internal isolated fish-eyes or fish-eyes of elliptic shape was not observed.  Fish-
eyes of elliptic shape would be a characteristic demonstration of internal residual compression stresses in 
the subsurface layers of the material. This could be observed mainly in quenched steels. 
Inclusions, which had control over the fatigue mechanism of fish-eye creation, in the case of X12Cr13 
steel, had mainly spherical shape (Fig. 6) and their size was ranging from 15 to 30 ȝm. The size of the 
fish-eye area depends on the depth of the inclusion under the surface and number of applied cycles. 
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Fig. 3. Surface fatigue crack initiation; 
broken at ıa = 360 MPa and at N = 3.59×108 cycles. 
Fig. 4. Subsurface fish-eye fracture; 
broken at ıa = 225 MPa and at N = 6.35×1010 cycles. 
 
Fig. 6. The Al4Ca  inclusion in the fish-eye centre.Fig. 5. Subsurface fish-eye fracture; 
broken at ıa = 225 MPa and at N = 2.71×1010 cycles.
 
In the kinetics of fish-eye creation is necessary to regard not only the initiation state, but mainly the 
growing state. While the initiation state of the fish-eye is connected with the properties of the non-
metallic inclusion and also with the cohesion strength of the boundary between the inclusion and matrix, 
the state of crack growth depends mainly on the matrix properties. Created crack grows very slowly in the 
area of fish-eye, i.e. it is growing by the speed lower than threshold speed of long cracks (slower than  
10-10 m.cycle-1). When a fish-eye reaches its critical value, the fatigue crack starts to propagate according 
to Paris law. The crack propagation above the threshold speed usually starts in the moment, when fish-
eye, i.e. crack reaches the surface of the specimen, where it can be opened. After this, the propagation 
quickly continues inwards the material. 
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4. Conclusions 
Upon the fatigue resistance research on steel X12Cr13 in the VHCF region, it is possible to pronounce 
following results: 
x Obtained S–N curve has a fluently decreasing character in whole studied interval with expressive 
scatter of measured data.  The value of fatigue strength ıC can be determined only as conventional 
value related to specified number of cycles. 
x The scatter of fatigue life data is caused by structure heterogeneity and presence of non-metallic 
inclusions of various sizes and with different distribution in the matrix. 
x The influence of loading amplitude on the crack initiation mechanism was observed. This effect can 
be seen on the obtained S–N curve as a sharp transition between the group of specimens failured by 
surface crack initiation and the group of specimens failured by the subsurface fatigue crack initiation. 
Fish-eye fractures were observed only on the specimens broken above 3×109 cycles. On the other 
hand, fatigue crack initiation from stage I facet was characteristic for all specimens broken at smaller 
number of cycles.  
x For internal fatigue crack initiation of X12Cr13 steel are dangerous only inclusions based on non-
valence compositions of aluminium with calcium. This involves two intermediate phases: Al4Ca and 
Al2Ca. Other inclusions like sulphides MnS, which presence was also confirmed present no problem 
of fatigue crack initiation for this steel. The inclusions geometry appears to be mostly circular with an 
average size of 20 Pm. 
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